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Cross Sections for (n,p) Reactions
on 27A2, 46,47,48T1' 54,56Fe

58Ni, 5900, and 042n from

*
Near Threshold to 10 MeV

by

Donald L., Smith and James W, Meadows

ABSTRACT

Cross sections for the 27A2(n,p)Z7Mg,

46,47,48Ti(n’p)40,47,485c' 54,36Fe(n’p)54,56Mn

38Ni(n,p)SBCo, 59Co(n,p)syFe and 04Zn(n,p)b4Cu

reactions have been measured by the activation
method for neutron energies from near threshold to
" 10 MeV, Measurements were made relative to the
233y (E_ % 4 Mev) ana 238y (E_ X 4 MeV) fission
Cross sections using a fission detector neutron
flux monitor. The results are compared with repre-
sentative data from previously reported investiga~-
tions. Tables of evaluated cross sections derived
from the present work are presented for use in ap-

plications,

*
This work supported by the U.S. Atomic Energy

Commission,
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I, INTRODUCYION

Several (n,p) reactions play important roles in nuclear appli-
cations, An example is neutron dosimetry. OSpectrum unfolding
methods are used to deduce neutron dose and spectral information
from the activity produced by (n,p) and other reactions in irradi-
ated samples [1,2,3]., The (n,p) process is also important as a
mechanism for producing radiation d.-age in nuclear reaciuvirs, These
considerations are relevant to both fis:iion reactors and proposed
controlled fusion systems (CTR). Thus, accurate knowledge of the
cross section excitation functions for (n,p) reactions on various
materials which are used as dosimetry monitors or are found in re-
actor environments is required for current and proposed nuclear-
energy programs., Unfortunately, much of the required data is un-
available or insufficiently accurate, and there are discrepancies
in the reported cross section sets [4,5]. This need is indicated by
the presence of numerous (n,p) reactions on various nuclear data
request lists [6,7,8].

Some of the discrepancies can be traced to a lack of standard-
ization in neutron flux determination in the microscopic (n,p) cross
section measurements. Another problem is that many of the measure-
ments were performed over limited neutron-energy ranges. In order
to increase the neutron-energy ranges, experimenters have often
relied upon kinematic effects associated with the use of light-tar-
get neutron-source reactions and performed irradiations with samples
placed at several neutron emission angles. While this technique is
reasonable in principle, it introduces the possibility of making
serious systematic errors.

We have undertaken a program of activation cross section meas-
urements for neutron-induced reactions which are important for
various nuclear applications. Our objective is to perform system—
atic measurements over a broad range of energies using a consistent

method for measuring neutron flux and taking the necessary precau-
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tiona to eliminate sonme possible sources of systematic error, This
paper 1s a report of our work on the 21A2(n,p)27ﬂg, 46’47'48T1(n,p)
46,47 48 ' 54 56k (n,p )54,50Mn’ SbNi(n,p)SBCo, SQCo(n,p)SgFe, and
6I‘Zn(n,p) Cu reactions from near threshold to ~ 10 MeV,

II. EXPRRIMENTAL PROCEDURES

A, General Measurement Procedure

Samples of high-purity natural metals in the form of 2.54-cm-dia
by 0.3-0.6 em thick disks were used for all measurements, The
materialy used to fabricate these samples were analyzed by spectro-
chemical methods to determine the impurities content. No signifi-

cant impurities were found in any of the samples other than tihe
nickel samples, This is discussed in Section II.F,

During irradiation, each sample was fastened to a low-mass fis~
sion detector which served as the neutron flux monitor [9]. This
ionization chamber was made from a cylindrical steel can with 0,025-cm~
thick walls. ‘he samples were placed outside the chamber; the backing
plates vith uranium deposits were mounted iuside the chamber adjacent
to the samples, as shown in Fig. 1. 1ilethane at 1 atm served as the
raseous medium for the ionization chamber. A discriminator was used
to reject noise and alpha pulses; pulses above the discrimination
level were recorded as fission events in the detector.

The uranium deposits were 2.54 cm in diameter and were fabri-
cated by evaporating UF4 isotopically enriciied in 235U and 238U onto
thin, metal backing plates, The isotope contents of these materials
were determined by mass spectrographic analysis; the quantity of uranium
in each deposit was deduced from measurements of the specific alpha
activities [10]. 7The masses of fissionable-nmaterial deposits used
in the fission detector were in the ranpe of (.5-5 nilli;raws. The
deposits enriched in 235 U vere used for measurements with L X 4 MeV;
deposits enriched in 236U were used for measurements with L R4 MeV
in order to minimize the corrections for lov-energy ueutron%.

Irradiations were conducted at the Argonne Wational Laboratory

Fast-Neutron Generator Facility [11]. Neutrons with energies in the
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range 0.4~5.5 MeV were produced via the 7Li(p,n)7lse reaction
(proton energy range 2,15-7.2 MeV). Natural lithium metal was
evaporated on tantalum cups to make tiwse tarpets. Neutrons with
energies in the ranpge 5.4-10.2 MeV were produced via the D(d,n)3He
reaction (deuteron energy range 2.15-7.0 MeV). A 2-cm~long gas
cell containing deuterium gas at 2 atm was used for a target.

The sample and fission detector were placed on the beam line 3 to
6 cm from the target for these measurements, There are various
differences in the experimental techniques associated with use of
these two types of tarpets. The neutron spectrum from the lithium
target becomes complex at higher energies because of the presence
of neutrons from the 7Li(p,n)7Be* and 7Li(p,n3}ie)4l{e reactions.
The presence of neutrons from the D(d,np)D reaction complicates the
neutron spectrum from the deuterium source at higher energies.
Methods for coping with these problems are discussed in other re-
ports (1213,14]. Background measurements were performed during
irradiations made using both lithium and deuterium targets to
determine the effects of neutrons from the tantalum cups and empty
gas -target assembly respectively.

The activities of irradiated samples were measured using
standard gamma~ray counting techniques. Most of the counting was
done using Ge(Li) detectors; however, all the aluminum and some of
low-activity nickel samples were counted with NaI(Tl) scintillation
detectors., 7The relative gamma-ray full-energy peak efficiency vs.
energy was measured for each detector using a method described by
Freeman and Jenkin [15]. The absolute efficiency of eéch detector
was determined at 0.811 and 1,274 MeV by counting 5800 and 22Na
standard sources respectively; the absolute activities of these
standards were determined by coincidence-counting teclmiques.
Monte-Carlo calculations were made to correct the data for differ-
ences in counting efficiencies resulting from absorption and geo-
metric factors. In addition, sum-coincidence and deadtime correc-

tions were determined where required.
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Two of the product nuclei (463c and 58Co) were produced in
isomeric states as well as their ground states. In both cases the
upper state decays to the ground state with a half-life that is
short compared to the ground state half iife. The isomeric active
ities were permitted to expire before the samples were counted.
Therefore, our cross sections are the sums of the partial cross

sections for excitation of all accessible states in the product

nuclei.
B, Data Processing and Lrror Analysis

Cross sections for the (n,p) reactions were computed relative
to the 35U and 238U fission cross sections after correcting the

data for a variety of experimental effects. The requisite fission
cross sections were obtained from the Evaluated Neutron bata File,
ENDF/B=-III [16]. Pertinent values of these fission cross sections
are listed in Table I,

Corrections for the neutron source properties were deduced
from data obtained from measurements made at our ovn laboratory
(12,13,14] and from a paper by Liskien and Paulsen [17]. The raw
data were corrected as required for sample activities and fissions
produced by neutrons from the bare target assemblies, Corrections
were computed to account for geometric factors and the effects of
neutron absorption and multiple scattering. 7The raw fission counts
were corrected for deposit thickness effects, thermal background
(for 235U deposits) and low-pulse-height fission events rejected
along with the noise and alpha pulses,

The raw sample-count data were corrected for decay half-1ife
and other essential time factors. Factors to account for specific
decay properties of the product nuclei, detector efficiency, count-
irg geonetry, deadtine losses, ganma-ray absorption, and coinci-
dence summing were applied to the time-corrected data.

The enerpy resolution for the measurerents was governed by
target thiciness and kineratic broadening. Kinematic broadening

was the wominant factor in measurements with the deuterium target,
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Generally, the neutron-energy resolutions were 0.04-0.2 MeV for
the lithium target measurements and 0,3-0.4 MeV for the deuterium
target measurements.

Uncertainties in the measured cross sections can be attributed
to statistics as well as a variety of other experimental factors;
Table II is representative of the estimated uncertainties, but this
table does not necessarily apply to every measured data point re-
ported in this paper. All partial uncertainties were combined in
quadrature to determine the overall uncertainties for the measured
cross sections. The uncertainties in the fission cross sections
and in the decay branching factors for the product nuclei were not
included in the assigned error bars. Our measured values could be
easily adjusted to accommodate possible future revisions in these

parameters.

C. 27A£ Measurements

Natural aluminum is entirely 27A£ [18]). The Q=value for the
Al(n,p)27Mg reaction is -~1.827 MeV [19,20]. We have used the
value of 567.7 * 0.7 sec for the half life which was measured by

27

Replace [21]. This value is in good agreement with the weighted
mean value of several earlier measurements as compiled by Endt and
Van der Leun [20]. The daughter 27Mg decays 100% via B transi-
tions from the ground state to the first two excited states in 27A2
at 0.843 and 1.013 MeV excitation. All disintegrations of 27Mg
"lead to either a 0.843 or 1.013 MeV gamma ray. e measured the
relative yield of these garmma rays and obtained the value of 2.68.
The 1.013 MeV state in 27A£ decays 97% of the time to the ground
state and 3% of the time to the 0.843 MeV state. This implies a
value of 28% for the B  branch to the 1.013-MeV state and 72% for
the B~ branch to the 0.843-MeV state. Our value is consistent with
the results of recent measurements by Bigoni et al, [22], We ob-
tained good agreement in the cross section values computed via use
of the independent yields of these two gamma rays as well as their

sum, Since only about 1% of the 27Mg disintegrations produce
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gamma-ray cascades, the corrections for coincidence summing were

negligible.

46,47,48

D. Ti Measurements

We measured (n,p) cross sections for 46Ti (7.93% abundance),

“771(7.28% abundance) and “®T4 (73.94% abundance) [18]. The
Q=-values for the 46’47’48T1(n,p)46’47’488c reactions are -1,585,

+ 0.183 and -3.208 MeV respectively [19].

The decay scheme for 46Sc is quite unambiguous [23]. Nearly
100% of the disintegrations proceed via 8~ emission to the 2,010-
MeV second-excited state in 46Ti with a half life of 83.8 days.
This state de-excites nearly 100% of the time via a gamma~ray cas-
cade through the 0,889-MeV first-excited state in 46Ti. We mea-
sured the yields of both gamma rays; cross sections computed from
the separate yields were in good agreement with each other., A
correction for coincidence summing was made which amounted to ~ 8%.

The decay of 47Sc proceeds 100% of the time via B~ emission
to either the ground state or 0.159-MeV first-excited state of 47'1‘1
with a 3.40-day half life [24]. We have used the value of 68.5 %
2.7% reported by Bak and Riehs for the 8~ branch to the 0.159-MeV
state in our calculations [25]. The 0.159-MeV state in 47Ti, popu~
lated by B~ decay of 47Sc, promptly decays to the ground state by
emitting a 0.159-MeV gamma-ray, Consequently, there are 0,685
0.159-MeV gamma-rays per disintegration of 47Sc. The 0,159-MeV
gamma-ray activity was measured and used for the cross section cal-
culations. No coincidence~summing corrections were required,

488c decays 100%Z of the time via 5 emission with a half life
of 43.8 hours to excited states in 48’1‘1 generating a rather compli-
cated gamma-ray spectrum [26]. Fortunately, there are very nearly
0.98 gamma rays of 1,037 MeV, 1.000 garma rays of 0.983 MeV and
1.000 pamma rays of 1.312 MeV per disintegration of 48Sc. The
yields of each of these gamma~rays were measured. The cross sec—
tions computed from these individual transitions were in good

apreement., The correction required for coincicence summing was v

16% for each case.



54,56

E. Fe Measurements

We have measured (n,p) cross sections for 5I'Fe (5.82% abundance)

and 56Fe (91.66% abundance) [18]. The Q-values for the 54,56

54,56

Fe(n,p)
Mn reactions are + 0.088 and - 2.917 MeV respectively [19].

The ground state of 54Mh decays with a 312-day half life 100%
of the time by electron capture to the 0.835-MeV first-excited state

of 54

Cr [27]. This state decays via gamma-ray emission to the ground
state with a half life of 8.9 ps. No coincidence summing corrections
are required.

The ground state of 56Mn decays with a 2,58-hour half life via

B~ emission to several excited states in 36

Fe {28]. The gamma-ray
spectrum for 56Mn is complex, but it happens that there are 0.988

gamma-rays of 0.847-MeV produced for each 56Mn disintegration. We
measured the 0.847-}eV gamma-ray yields and computed cross sections
for the 56Fe(n,p)56Mn reaction from these data. A correction of ~

3.3% was required for coincidence summing.

F. 58Ni Measurements
The abundance of 58Ni in natural nickel is 67.88% [18]. The
only significant contaminant in the sample disks was 0.106 # 0.0057%

cobalt. The 59Co(n,y)6OCo reaction produces background which af-

fected the data for measurements with En < 0.8 MeV., Corrections for
this background were made using (n,y) cross sections from an evaluation
by Simons McElroy [29] and spectral data from our own measurements.

The Q-value for the 58N1(n,p)58Co reaction is + 0.395 MeV [19]. The
ground state of 5800 decays with a 71.3-day half life by a mixture

58Fe [30]. There

are 0,995 gamma rays of 0.811 MeV per 58Co disintegration. We de~

of B+ emission and electron capture to levels of

duced the 58Ni(n,p)SBCo reaction cross section from the measured
yield of 0.811-MeV gamma rays. A correction of v 2,8% was required

for coincidence -summing effects.

G. 59Co Measurements

Natural cobalt is entirely 59Co [18). The Q-value for the

59Co(n,p)nge reaction is - 0.783 MeV [19]., The ground state of
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nge decays entirely by B~ emission to states in 5900 with a half
life of 45.1 days [31]. Fortunately, all but 0.3% of the SgFe dis-
integrations produce either a 1.099-MeV or 1.292-MeV gamma~-rays. We
measured the yields of both of these gamma rays and summed the yields
after applying appropriate corrections. The (n,p) reaction cross
section was therefore determined without concern for the specific
branching ratios of these transitions. The coincidence summing

correction was v 1%.

H, 642n Measurements

The isotope 642n is 48 89X abundant in natural zinc [18]. The
(-value for the 64 Zn(n,p) Cu reaction is + 0,209 MeV [19]. The
ground state of 64Cu decays with a half life of 12.71 hours [32].
Unfortunately, the decay properties of 64Cu ‘are not very condueive

to accurate measurement of 6l’.&n(n,p) 4Cu cross sections. The prin-

cipal decay mode is electron capture to the ground state of 64Ni
(40.5% of all disintegrations). Nearly as important is the B~ decay
branch to the ground state of 64Zn (39.6% of all disintegrations).
There is also a B emission branch to the ground state of 64Ni (19,.3%
of all disintegrations) and an electron-capture branch of 0.6% to
the 1.346-MeV first-excited state in 64N1. We counted 0,511=MeV
gamma rays from annihilation of the emitted B+ particles and assumed
a value of 0,386 annihilation gamma rays per disintegration., The
necessity of having to count annihilation radiation limited our
ability to make cross section measurements for low neutron energies.
Low-level annihilation radiation is present as background in our
counting facility and its presence introduced uncertainties in the
measurement of the B+ activity of the zinc samples irradiated at low

energies. No sum-coincidence. corrections were required for the data.

IITI. EXPERIMENTAL RESULTS AND DISCUSSION

Results from selected published works are compared with our own
data in this section. The data available for comparison are very
limited for several of these reactions; for others the available

data are extensive and we limited our selection to sets covering
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wide neutron-energy ranges. All the data discussed were derived

from microscopic rather than integral measurements.,

A. 27Al(n,p)27Mg,Reaction

Our excitation function for this reaction is presented in Fig, 2
and Table III. The structure which we observe is characteristic of
(n,p) reactions on light nuclei. Our data is in very good agreement
with the work of Hughes and Schwartz in regard to both the structure
of the excitation function and normalization [33]. The data of Bass
et al. [34] and of Calvi et al. [35] are not in as good agreement.
The cross sections of Bass et al. [34] are larger than ours over the
entire range of their measurements and the difference increases with
neutron energy. These cross sections were measured using neutron
scattering from hydrogen as a standard. The cross sections of Calvi
et al. [35] were normalized to those of Hughes and Schwartz [33] 4in
the range 4.5-5 MeV. At lover energies, the structure in the excita-
tion function measured by Calvi et al. [35] differs from both the
present work and that of Hughes and Schwartz [33].

46’47’48Ti(nlp)

Our measured cross sections for the 46Ti(n,p)468c reaction appear

46,47,48

B. Sc Reactions

in Fig. 3 and Table IV, There is very little data available to com
pare with the results of our work. Measurements by Lukic and Carroll
provide data for comparison in the region En = 5«7 MeV [36]., The
agreement with our own work is fairly good even though the curve ap-
pears to be systematically high relative to our data. The data of
Ghorai et al. span the range En = 4,1-6.1 MeV and differ consider-
ably from our own results [37]. It is not clear why these data are
so different since Ghorail et al. [37] have used the 27A£(n,p)27Mg
reaction and the evaluated cross sections from Grundl [1] for normal-
ization; the evaluated 27A£(n,p)27Mg cross sections from Grundl [1]
are in reasonably good agreement with results from the present work,
Our data for the 47Ti(n,p)l”Sc reaction are presented in Fig. 4
and Table V, Three reported data sets are also plotted on Fig. 4 for

comparison [37,38,39]. Of these three sets, only the data of Armitage
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[38] 1s in good agreement with the present work. Armitage made an
absolute measurement at one energy and relied upon the 58Ni(n,p)
cross section data of Barry [40] to normalize the data elsewhere.
The data of Ghorai et al, (37] is systematically high relative to
our own, This problem was dlscussed in the preceding paragraph as
it applied to the 46 Ti(n,p) bc reaction data as well, The data of
Conzalez et al. [39] differ with our own in reyrard to both the
structure and magnitude except for E "~ 3.5 MeV. These data were
measured relative to the 1P(n,p) bi reaction assuming a standard
value of 0, 0962 barn for h = 3.56 MeV. Since we have no data for
the P(n,p) Si reaction, we cannot comment on this disagreement.
(ur data for the 48Ti(n,p) Sc reaction appear in Fig, 5 and
Table VI. The only data set which we were able to obtain for com
parison with our own is that of Lukic and Carroll [36]. The agree=-

ment at v 6.5 MeV is good, but elsewhere the two data sets disagree,

C. 54’56Fe(n,p Mn Reactions

)54,56
These reactions are important for reactor dosimetry and

several data sets are available, In general, these data are in
reasonably good agreement with our own,

Our results for the 54Fe(n,p)SI‘Mn reaction appear in Fig. 6 and
Table VII. Data from various reported measurements are also plotted
on Fig, 6. The data of Paulsen and Widera [41], Lauber and Malmskog
[42], salsbury and Chalmers [43] and Carroll and Smith [44] are
generally in good agreement with our data within the assigned experi-
mental uncertainties. These four sets of measurements were made
using the neutron-hydrogen scattering process for neutron-flux deter-
mination while our own measurements utilized uranium fission. The
observed agreement supports our experimental method which makes use
of a fission chamber for neutron-flux monitoring. We have also
plotted the data of Van Loef [45] which was normalized relative to
an assumed standard value of 0.0962 barn for the 31P(n,p)3151 reac~
tion at En = 3.56 MeV. The agreement of this data set with the rest
of the data plotted in Fig. 6 is good at En "~ 3.5 MeV, but at lower

-13-



energles it is poor. A similar difference was indicated for the
47Ti(n,p)lﬂSc reaction in Section III.B (e.g. see Fig. 4).

Our cross sections for the 56Fe(n,p)seMn reaction appear in
Fig. 7 and Table VIII. The data of Liskien and Paulsen [46] and
Terrel and Holm {47] are in good agreement with our work within
the assigned errors. The data of Santry and Butler [48] appear
systematically higher than our values although the difference is
not great. These authors utilized the 32S(n,p)32P reaction as a
standard, and they relied on cross section values from Allen et al.

[49] for this reaction.

D. 58Ni(n,p)SSCo Reaction

This reaction is one of the most widely used (n,p) reactions

in reactor dosimetry applications. Consequently, there is a great
deal of data available [4,5). There have bLeen several recent evalu-
ations reported (e.g. Refs, 2,41,50 and 51). These evaluations are
not in very good agreement as can be surmised from Fig. 3 of Ref,
41. The presence of pronounced structure in the evaluation by
Bresesti et al. [50] in the region of En = 3-4 MeV is the result of
assignment of considerable weight to the data of Konijn and Lauber
[(52]. This structure appeared to us to be anamolous for an (n,p)
reaction in this mass region. Therefore, we made two sets of cross
section measurements for the 58Ni(n,p)SSCo reaction. The first set
of measurements yielded an excitation function from threshold to n
10 MeV with neutron-energy resolution equivalent to that for other
data sets reported herein. The results of this set of measurements
appear in Fig., 8 and Tablé IX, Part A. The second set of measure-
ments was made with neutron-energy resolution of * 0.04 MeV over the
range En = 2,85-4.02 MeV, This resolution is superior to that re-
ported by Konijn and Lauber [52]. The results of this set of fine-
resolution measurements are presented in Fig. 9 and Table IX, Part
B. We find no evidence for the pronounced resonance structure ob-
served by Konijn and Lauber [52]. The data reported by Konijn and

Lauber [52] was obtained by means of proton detection using a silicon



solid-state detector. It may be that the observed structure was
an anomaly associated with this measurement technique since none
of the reported data from activation measurements show similar
structure,

There are several reported data sets which are in very good
agreement with our excitation function. Our excitation function
is compared with the data of Barry [40], Paulsen and Widera [41],
Meadows and Whalen [53] and Nakai et al. [54] in Fig. 8. The
data of Larry [40] appears systematically higher than our data;
however, this set is in agreement with our work within the ag-
signed uncertainties. In view of the agreement of these four
data sets with our own data, we chose not to plot a number of
other data sets which differ from our data; to do so would merely

complicate Fig. 8 and not add any useful information.

9
E, 5'Co(n,p)nge Reaction

The results of our cross section measurements for this re-
action appear in Fig. 10 and Table X. There are no other data

available for comparison.

F.u 64Zn(n,p)“Cu Reaction
Our data for this reaction are presented in Fip, 11 and Table

XI. Three other data sets are plotted on Fig. 11 for comparison
[54,55,56]. None of these data are in very good agreement with our
work. The excitation function of Rapaport and Van Loef [55] dif=-
fers from ours with regard to shape although the measured cross
section for En "~ 2.5 MeV is in agreement. The excitation function
of Nakai et al. [54] also differs in shape although their cross
section values for En = 2-3 MeV are in fairly good agreement with
our work. The cross section values of Santry and Butler [56] are
considerably larger than ours over the entire range of their meas-
urements. For En "~ 10 MeV the discrepancy is nearly a factor of 2.
We can offer no particular explanation for these differences.
It should be restated that in addition to the usual neutron-fluence=-

measurement problems, one must cope with the rather unfavorable
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decay properties of 64Cu, as discussed in Section II.li, in meas-

uring cross sections for this reaction.

IV. LEVALUATED DATA

Measured cross section values, such as those in Tables III-
XI, representing the results of the present work, do not provide
information in a form which is particularly useful for applica-
tions. These cross sections exhibit fluctuations characteristic
of experimental data; repeated measurements improve data relia-
bility but also generate redundancy. What is required are evalu-
ated cross sections which exhibit all essential features of the
data exclusive of insignificant experimenﬁal fluctuations and re-

dundancy. The 235,238

U fission cross sections given in Table I
are examples, _

We have made an evaluation of our (n,p) data by plotting
these data on semilog paper, drawing smooth curves through the
data points, and selecting a sufficient number of points on these
curves to permit reproduction of the excitation functions. The
evaluated (n,p) cross sections for 27A£, 46’47’48Ti, 54’56Fe,
58Ni, 59Co and 64Zn appear in Tables XII-XX respectively. Cross
sections for energies other than those appearing in the tables

can be estimated from the formulas

ino= a+b nkE (1)
am= (E22n oy = Elzn 02)/(E2 - El) (2)
b = (&n o, = &n 01)/(}::2 - El) (3)

where (El, 01) and (EZ’ 02) are adjacent entries in the table and
El < E < E2. These formulas can also be used to estimate the
corresponding fission cross sections using values from Table I,
Figure 12 exhibits plots of the evaluated (n,p) cross sections as
well as the 235U and 238U fission cross sections. Since these are
- isotopic cross sections, the relative importance of the various
(n,p) reactions can be deduced by taking the relative isotopic

abundances in natural metals into consideration.
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TABLE 1

235U and 238U Fission Cross Sections

Used in the Present Worka

A. 235U(n,f) Cross Sections

En OF En OF En OF
(MeV) (barn) (MeV) . (barn) (MeV) {(barn)
0.0° 580.0 0.8 1.133 6.1 1.098
1.0 x 107° 65.0 0.85 1.15 6.3 1.164
0.001 8.05 0.95 1.218 6.8 1.413
0.003 4,99 1.0 1.235 7.2 1.552
0.01 3.21 1.5 1.247 7.6 1.634
0.0175 2.7 2.0 1.315 8.5 1.751
0.03 2.27 2.3 1.309 9.5 1.753
0.055 1.91 2.6 1.281 10.5 1.7
0.1 1.635 3.2 1.177

0.16 1.478 3.6 1.146

0.24 1.32 4.2 1.089

0.35 1.225 4.8 1.056

0.4 1.218 5.4 1.046

0.54 ' 1.16 5.8 1.068

B. 238U(n,f) Cross Sections

En : °F En UF En GF
(MeV) (barn) (MeV) (barn) (MeV) (barn)
0.0° 0.0 1.514 0.3458 4.47 0.5339
0.5 2.3% x10°% | 1.617 0.4169 5.08 0.5324
0.61 1.2 x 1073 | 1.72 0.4472 5.33 0.5403
0.75 1.98 x 1073 | 1.821 0.5122 6.0 0.618
0.85 5.87 x 1070 | 1.914 0.5397 7.0 0.936
0.898 0.0123 2.0 0.5371 7.5 0.978
1.005 0.0163 2.51 0.5573 8.5 1.0
1.108 0.0273 3.08 0.525 10.0 0.974
1.205 0.0374 3.28 0.5242 12.0 0.995
1.306 0.0651 3.58 0.5352
1.401 0.1939 4.08 . 0.5336

a. Cross section values selected from Ref. 16 files to construct a representatiom of the

fission cross section excitation function—exclusive of resonance effects.
b. Data processing code requires a ""zero-energy"” cross section.
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TABLE II

Typical Values for the Principal Sources

of Uncertainty in the Measured Cross Sections

Source of Uncertainty Uncertainty
1. Counting statistics 1 - 10%
2. Integration of gamma-ray 3z
full-energy peak
+ Gamma-ray detector efficiency 3%
« Decay half 1ife < 12
5. Fission deposit and sample
dimensions 1.4%
6. Neutron-group intensities 1-4%
7. Scattering corrections 1%
8. Weight of Uranium deposits 1Z
9. Miscellaneous errors 1z
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TABLE III

Measured Cross Sections for the

27

Al(n,p)27Mg Reaction

E Resolution o * Ao
n np np
(MevV) (MevV) (barn) (barn)
+1280%E 01 «5818E=01 +3508E~03 16367E=04
+2B58€ 01 .583TE'01' 14528E-03 v4111E«04
+2905E 01 15843E«01 1 7220E=03 v6360E=04
029595 01 +5857E«01 17713E=03 v3671E=04
+ 3006 01 +5870E=01 11046E=02 16533F«04
+3057€ 01 +15885E-01 +d009E=02 16165E=04
'J107E 01 +5899E=01 11977E-02 01074E2Q3
1 3157E 08  ,5915E«01 212050E=02 11048EeD3
+3206E 01 +5930E-01 12058E=02 ,01797E=03
13257 031 15946E=01 12738E=02 - +1327E«03
+IS06E 01 +5962E=01 11948E=-02 v19944E=0 4
033§QE 01 +5980E=01 12225E=02 11205E«03
1 3409E 01 15997E=01 .49905-02‘ 12952E=03
1 3459E 01 +6014E=01 17188E=02 v 3746E=03
' 3508E 01 16032E=01 17887E«02 +v4589F«03
13559E 01 16051E-01 15156E-02 1 2389E=03
'3610E 01 v6070E=01 16871E=(2 13235E~03
' 3659E 01 16088E=01 1706402 v3245E=03
v3710E 0% 16108E-01 16166E=02 v2909E«(03
+3758E 031 16127E=01 19301E=02 +4279E«03
+3809€ 01 16148E-(Q1 186004E=02 12770E=03
+38060E 03 v6168E«01 14301E-02 12022E=03
+3910E 01 16188E=01 15612E=02 +2728E=D3
3962 01 16210E=01 v7247E=02 +3431E«(3
+4012E 01 16231E=01 16972E=02 ¢ 3217E=03
+4062E 04 16253E=01 1v8762E-02 v3195E«03
+4110E 01 16273E=01 15261E=02 v 2462E=03
14162E 01 6296E=01 +4986E-02 12426E=03
A4212E 01 . 26318E=01 ¢ 7815E«02 +3581E=03
v4263E 01 16341E<01 v1048E=01 14848E=03
+4312E 01 16363E=01 +1188E-01 1541303
+4363E 01 16387E«01 +1084E=-01 '4975E=03
+#412E 01 +16409E«01 ¢1067E-01 v4916E=03
v4463E 04 16433E-01 11202€-01 +5531E«03
+4312E 0% 16456E«01 11524E-01 18978E«03
+4564E 0} v6481E=0] +1848E=01 18434€E=(3
v4615E 014 16505E=01 v2086E=-01 19389E=03
¢ 4664E 01 16529E=(Q1 +v1653E=01 1 7436E«03
+4713E 01 16554E-01 "«1V06E-01 v 9214E-03
' 4761E 01 16577E-01 v1598E-01 +8249E=03
+4814E 01 16603E=01 +1288E-01 +5898BE«(3
'14865E 01 v6628E-01 +1578E-01 v7149E=03
'4913E 01 26652E=Q1 12075E-01 +9381E=-03
¢ 4964 01 +6678E«01 1 2527E=01 v 115302
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TABLE III (Cont'‘'d)

E
n

Resolution

o
np

* Ao

np
(MeV) (MeV) (barn) (barn)
+5014E 01 186704E=«01 1 2905€E-01 +1303E=02
'5063E 01 ,6730E«01  ,2656E=01 ,1195E=02
+2113E 01 1 6755E=01 12596E-01 +1177E=02
12165E 01 :6782E=01 12989E-01 +1348E=~Q2
+3215E 01 6808E=01 +3025E«01 +1368E=02
v15264E 01 1v6834E=01 12830E=01 +11301E=-02
+5314E 01 +16861E=01 129423E=01  ,1146E=02
+5365E 01 1 6888E=01 13075E=01 +1386E=02
+2415E 01 +6915E=01 13143E-01 +1487E=02
+2466E 01 16942E=01 v3857E=01 +1742E=02
5215 01 16969E=01 14407E=01 +11988E=02
+2263E 01 16996E-01 14295€£=01 +1945E=02
«2614E 01 1 7024E-01 14664E=01 12124E=02
+2666E 01 17352E=01 14779E«01 +2143E=02
+2714E 01 +7078E-01 +6915E«01 +»3092E=02
'+ D765E 01 +7107E=01 15922E«01 12656E=02
«2818E 01 16145E=01 +14512E-01 1 2099E=02
«5871E 01 16179E=-01 v4437E=01 12242E«02
1D920E 01 16212E~01 «4691E-01 +12183E=02
«292VE 01 16212E=-01 v4571E-01 +2123E-02
12457E 01 ' 3340E 00 v3537E-01 +1804E=02
' 2707E 01 +3300E 00 1577%E=-01 v 3Q63E=02
2970k 01 3280 00  ,3910€=-01 12111E=-02
1 6497E 01 +3320E€ 00 14790E=01 - ,2491E=02
v 6726E 01 +»3360E 00 14759E=01 v2428E-02
+7007E 01 .34ZOE 00 +5643E=01 +2878E=02
7263E 01 +3480E 00 16120E=01 v 3121E=02
v 7515E 01 +3540E 00 16255E=-01 1 2329E=02
«7764E 01 +3620E 00 16923E=01 +3530E=p02
«8011E 01 +3700E 00 +7054E-01 +3598E=02
1 82957E 01 +3780E 00 v7721E«01 14015E=02
8505 01 +S880E 00 1 7657E-01 - +3905E=02
+8751E 01 1 3940E 00 - ,8416E~01 +4798E=02
+B995E 014 +4040E 00 - ,7869F-01 +14485E=02
' 9287E 01 «4140E 00 18368E«01 14518E«02
.9479& 01 .42405 00 08188E.01 -46685'02
'9710€E 01 +4340E 00 18582E=01 +14891E=02
'9960E 01 +y4440E Q0 18968E=-01 «5111E=02
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TABLE IV

Measured Cross Sections for the

46

Ti(n,p)46Sc Reaction

E Resolution o t Ao
n np np
(MeV) (MeV) (barn) (barn)
+3668E (1 11640 00 +v1310E-01 12710E=-02
' 3769E 01 v1640E 00 W1560E-01 v1220E-D2
1 SPUSE 01 v1540E 00 «2000E=Q1 v1200E=02
2 4196E 01 +1560E 00 v 3520E-01 «3100F=02
W4336E 01 +1560E 00 +3570E-01 +2400E=02
143Y8E 01 +1560E 00 v3720E~01 +2400E=02
+45$7E 01 ,1580E 00  ,5690E=01  ,3500E=02
.46995 01 +11560E 00 +4500E=01 +3500E=02
+4721E 01 +1720E 00 +5490E-01 +3090E=Q2
14735E 0} +1580E 00 +16380E=01 +3500E=02
+4799E 01 ,1580FE 00  ,5600E-01 ,3600E=02
14937E 01 +1600E 00 17250E=01 +5000E=02
.49??E 01 11600 00 17280E-01 +4500E=02
4513§E 01 ¢e1600E 0D +7820E-01 +5900E=02
'3198E 01 v1620E 00 ' 7390E=01 +4500E~02
.52;95 01 ¢ 1928E 00* v7400E=-01 v1220E-02
+5238E 01 v1620E 00 18500E-01 +5200E~Q2
+5438E 01 +1620E 00 »9190E-01 +5600E~02
v 3639E 01 v1640E 00 19750E=01 +6000E=02
+5859E 01 v1660E 00 1 9780E-01 +1140E=~01
+3958E 01  ,1660E 00  ,1166E 00 ,1240FE=01
+5407E 01 +3320E 00 +8800E=01 16424E=02
15957 01 ' 3260E 00 1 1234E 00 19749E=02
16996E 01 vS380E 00 2»1733E 00 +1733E=-01
«7499E°01  ,3500E 00  ,1842E 00 ,1842E=D1
W 7998E 01 +3640E 00 22113E 00 v 1817E<01
' 8491E 01 ¢+ 3820€ 00 v2269E 00 12337E=01
+8983E 01 »4000E 00 v2172E 00 v2628E-0}
' 9467E 01 14180 00 12350E 00 +1692E=01
' 9950E 01 +4380E 00 +2330E 00 +2703E~01
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TABLE V

Measured Cross Sections for the

47

Ti(n,p)47Sc Reaction

E
n

Resolution

g
ap

+ Ao

np
MeV) (MeV) (barn) (barn)
+19140E 00 v1840€ 00 +12480E-04 +7790E«(05
v 1127E 01 v1740E 00 11220E=02 v1220E=03
»1220E 01 «1040 00 12820E=02 +12690E=03
+130%E 01 +1000E 00 1 3770E=02 +4600E-03
1142%E 01 +1040E 00 «3050E=02 +3240E~03
v1437E 01 +6000E=01 ' 3270E=02 v4610E-03
+1542E 01 +6000E=-01 1 3870E=02 15920E=03
1619E 01 +1040E 00 14820E=02 +4550E=03
+164UE 01 16200E=01 15790E-02 +64B2E=03
11822E 01 +1040E 0O +19820E-02 +9360E=03
1825 01 «1180E 00 +1120E=01 +1040E=02
«198/E 01 «6600E=01 +1090E-«01 +1070E=02
19/8E 01 «1600E 00 v1350E=01 »1080E=02
+QUUGE 01 +1060E 00O 11540€-01 +1440E=02
2089E 01 !6600E'01 01730E"01 01610E-02
1 2142E 01 6800E-01 +11950E-01 «1620E=02
' 22UYE 01 1080 00 11820E=-01 +1710E=02
2246E 01 +6800E=01 v2200E-01 1191 0E=02
125831E 01 v6800E=01 3210E=01 12630E=02
+12424E 01 +1500E 00 13370E-01 12930E«02
1244/E 01 +7000E=01 «3070E=-01 12490E=02
12694E 01 +7200E=01 ¢ 3020E-01 12570E=02
1 2/54E 01 +7400E=01 v3060E-01 »2480E~02
+2824E 01 ' 7600E=01 1 3450E~01 12790E=02
1 2968BE 01 +17600E=01 +3930E-01 +v3180E~=0Q2
+SUSBE 01 7600E=01 v3900E=-01 13160E=02
¢ $163E 01 +7800E=01 14730E-01 +3880E=02
' 326UE 01 +8000E=01 1 4980E=-01 +4080E~-02
1 S428E 01 +1480E 00 +5110E~01 14190E=02
«S663E 01 +8400E-01 +5840E<=01 +4790E=02
1 S666E 01 «1640E 00 ¢ 5790E=01 +5410E=~02
«3763E 01 18600E=01 +6210E-01 +5090E=02
' $76/E 01 «1640E 00 16270E=01 +5B850E~02
3861E 01 18800E-01 16760E=01 +5540E=02
13958 01 +18800E=01 +6380E=01  .5230E=02
«4014E 01 »1100GE 0O v5930E-01 +4740E=02
+4065E 01 v9000E=~01 16860E-01 +5590E=02
+4116E 01 «1120€ 00 163B80E-01 +5100E=~02
«4161E 01 11220€ 00 16650E=01 +5320E=02
«41/0E 01 19200E=01 +7170E=01 +5880E=02
W4211E 01 v1220E 00 16520E=01 15220E=02
«4216E 01 +1120€ 00 16540E-~01 +5300E=02
14272E Q1 +9200E=01 +17290E-01 +5980E=02
1433895 01 1560 00 v7060F=01 +5680E=-02
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TABLE V (Cont'd)

E Resolution o +* Ao
n np np
(MeV) (MeV) (barn) (barn)
v4372E 01 19600E=-01 ¢ 7170E~01 +5880E=02
14444E 031 +1480E 00 v73180E=01 .5890E-02_
+4447E 01 +9800E«01 v7110E=-01 +5740E=D2
14556E 01 +1560E 00 +7190E=01 +5740E=02
14581E 01 +1000E 00 +8080E-01 '6480E=02
14614E 031 v1260E 00 +7010E-01 +5610E=02
14720 01 +1720E 00 v7570E«01 +7060E=02
+4734E 01 «1580E 00 +8040E=01 +6430E=02
14799E 01 +1560E 00 1 7280E«01 +5820E=02
14936E 01 «1600E 00 +7800E=01 16240E=02
+4999E 01 +1560E 00 +7760E=01 +6210E=(2
+D198E 01 +1600E 00 17460E=01 +5970E=02
+9203E 01 v1560E 00 v7860E=-01 +6290E=D2
5233 01 v1720E 00 18210E-01 +7660E=02
' 5238E 01 +1600E 00 1 7650E=-01 »6120E~02
+24J8E 01 ¢1640E Q0 08170E-01 +6540E=02
o54§35 01 +1520E 00 "18410E-01 +7230E~02
-56§?E 01 +1640E QO 18940F-01 +7150E=02
0 5779E 01 11640E 00 19470E-01 17760E=02
'O839E 01 v1660E 00 19970E-01 +7980E=02
2 2937E 01 +1660E 0O 19630E=01 +7700E=02
12934E 01 ,3260E 00  ,9100E~01 ,4641F=02
¢ 6995E 01 1 3360E 00 19950E=01 +v5075E=02
' 7499E 01 +3500E 00 +1083E 00 +5523E«02
' 7998E 01 1 3640E 00 +1191E 00 +6074E=02
184Y1E 01 v 3820E 00 +1238E 00 +6314E«02
+89835E 01 +4000E 00 +1309E 00 v6807E=Q2
«9467E 01 14180E 00 +11298E 00 16750E=02
9950E 01 "+4380E 00 11441E 0O +7781E=02
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TABLE VI

Measured Cross Sections for the

48

Ti(n,p)aasc Reaction

E Resolution o * Ao
n np np
(MeV) (MeV) (barn) (barn)
+4724€ 01  ,1720€ 00  ,2800E-04 ,3290E=05
«4738E 01  ,1580€E 00  ,3140E<04  ,6000E=06
14938E 01 ,1600E 00 ,B8180E=04 ,B8000E=06
+51426 04  ,1600E 00  ,9510€-04 ,1700E=05
+5237E 01  ,1760E 00  ,2390E=03  ,2510E«04
v524{k 01  ,1620E 00 ,2780E-03  ,41800E=04
+5440E 01  ,1620E 00 ,4140E=-03  ,2000E=04
+5641E 01  ,1640E 00  ,5270E=03  ,5200E=04
+S841E 01  ,1660E 00 ,1560E=02 ,1940E«03
«5938E 01  ,1660E 00  ,1255E=«02  .7200E=04
+5964E 01  ,3260E 00 ,1880E=02  ,1034E=03
«6488BE 01  ,3280E 00  ,3460E~02 ,1834E=03
+6999E 01  ,3380E 00  ,6820E<02 ,3546E=03
+7501E 01  ,3500E 00 ,9780E=02 ,4988E=03
+80VU0E 01  ,3640E 00  ,1353E~01  ,6900E=03
«8493E 01  ,3820E 00 ,1587E-01  ,8094E=03
+8985E 01  ,4000E 00 ,1933E«01  ,1005E=02
19469 01 ,4180E 00  ,2408g=01 ,1276E~02
«9952E 01  ,4380E 00  ,2666E-01  ,1520E«02
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TABLE VII

Measured Cross Sections for the

54Fe(n,p)54Mn Reaction

E Resolution o t Ao
n np np
(Mev) (MeV) (barn) (barn)

-19?9E p1 +1600E 00 11270E-01 +1300E=Q2
.21§;E 01 »1580E 00 12620E-01 +2200E=02
1 2589E 01 +1560FE QO +7210E=01 +4000E=02
v2727E 013 «3720E 00 v1190E 00 +6800E=02
v d782E 01 +1600E Q0 +9960E=-01 +5200E=02
12792E 03 21560 00 «1000F 00 +5400E=02
12985E D1 +1560E 00 +1320E 00 +7000E~=02
.51875-01 +1600E 00 +1450F 00 +7600E=02
.33§5E 01 +1600E 00 +1970E 00 +1100E=«D1
.3:§?E 01 e 1620E 00 v2650E 00 +11400E=D1
.37;95 01 v4360E 00 v2480E 00 v1400E=01
.57§§E D1 +1620E 00 0 2610E 00 +1400E=01
' S990E 01 +1620E 00 1 2490E 00 v1300E~=01
+4183E 01 +1640E 00 +3100E 00 +1800E=01
+4385E 01 v1660E 00 +3060E 00 +1600E=01
-45@75 01 1 1660E 00 +3310F 00 +1700E=-01
1 4587E 03 11660E 00 +3810E 00 2»2000€E=01
14795E 01 11600E 00 1 3670E 00 +2100E=01
v4796E 01 +11680E 00 1 3640E 00 +1900E-01
+489Y5E 01 +1620E 00 v 3830E 00 +2500E~01
v4996E 01 +1700E 00 +4290E 00 - +2400F=01
.49?§E 01 v1700E 00 +4010E 00 v2100E=01
+3037€ 01 1 1620E 00 +3890E 00 +2700E=01
v2137E 01  ,1640E 00  ,4480F g +3600E=01
051995 01 |1720E 00 n3890E 00 02100E'01
.523§E 01 +1640E 00 'v4360E 00 +2300E=01
' D255E 01 +1300E 00 +14580F 00 13600E=01
.53555 01 +1300E 00 v4150E 00 +3000E=01
v5438E 01  ,1660E 00 ,4740F 0o +2500E=01
+5407E 0% 1 3360E 00 v4412E 00 12294E=01
+5954E 01 v 3280E 00 '4592E 00 ' 2342E~01
«6481E 01 ' 3320E 00 14616F 00 +2400FE=01
16996E 01 +3420E 00 +4597E 00 v2436E-01
«7500€ 0% 1 3540E 00 14652E 00 +2466E=01
' 7997E 01 v3700E 00 v4377E 00 12276E=01
'8491E 01 +3860E 00 14625E 00 v2590E=01
1 8982E 01 +4040E 00 +4909E 00 +2602E=01
1P466E 013 14240 00 14494E 00 12786E=01

01 14440 00 12361E=01

1 9948E

«4493E 00
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TABLE VIII

Measured Cross Sections for the

56

Fe(n,p)56Mn Reaction

E Resolution o] * Ao
n np np
(MeV) (MeV) (barn) (barn)
' 3979E 03 +1240E 00 +5160E=05 +SI00E=05
+40/8E 01 +1240E=01 +11830E=-04 +3000E=05
4178 01 +1260E 00 +1400E=-04 +3300E=05
14268E 01 v1280€ 00 +3710E=04 +3680E=05
.43675 01 +1280E 00 +7630E=04 +9480E«05
144/9E 01 +1300E 00 v1160E=03 «8300E~(Q5
14594E 01 +1320E 00 12050E=-03 +1300E=04
+14680E 01 +1340E 00 +3420E-03 12000E=04
14781E 01 +1340E 00 +5890E=03 «3200E=04
+4798E 01 +1620E 00 16820E-03 +S800E=-04
+14882E 01 +1360E €O 17740E=-03 14200E=04
14896E 01 +1640E 00 +6650E=03 +3600E=04
+14981E 01 +1380E 00 +8040E=03 +5100E=04
190389E 01 +1640E 00 +1036E=02 +S5700E=04
+5140E 01 «1660E 00 +1457E=02 +8000E=04
+5256E 01 v1320€ 00 12060E=02 +1100E=03
' 5356E 01 «1320€ 00 v2770E=02 +1400E«03
+15456E 01 +1340& 00 14110E=02 «2100E=03
+5554E 01 +1340E 00 v6020E=02 +3100E=03
+5656E 01 «1360E 00 +7870E=02 +v4000E~Q3
15756E 01 ,1380E 00 16710E-02 +3500E=03
5857E 01 «1380E 00 +1290E~01 +6600E=03
¢+ 5939E 01 v1720€E 00 +1170E=01 +6000E=03
+6486E 01 +3300E 00  ,1950E-01 +9750E~03
.70}95 01 +3420E 00 12690E«01 +1345E-02
+8494E 01 +3860E 00 14760E~01 +12380E=02
+8983E 01 «4040E 00 v5450F =01 +2800E=02
' 9461E 01 14240 Q0 ¢5750E=-01 ¢+ 3084E~02
' 9945E 01 16220E-01 13545E=02

+4440E 00
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A,

Excitation

TABLE IX

Measured Crosg Sections for the

58Ni(n,p)58Co Reaction

function from threshold to ~ 10 MeV:

E

Resolution

[0}

* Ao

n np np
MeV) (MeV) (barn) (barn)
+4410E 00 0 2260E 00 1 3230E=05 +S5600E=p6
+6340E Q0 v1260E 00 y@407E.08 +1650E~05
+7240E Q0 11260E QO 18836E=04 +2500E=Q5
18380E 00 «1260E 00 1 3039E=03 v4500F=04
+8720E 00 +1820E 00 ¢ 3059E-03 +3400E=04
.93995 00 +1260F 00 1v5797E=03 +5000E=04
+1038E 01 v 1280E 00 11083E=02 17400E=04
+1099E 01 ' 1760E 00 12347E=02 -12005!03
'1138E 01 . +1280E 00 1 3561E~02 117005503
01276E 01 +1000€ 00 15546E-02 +7500E«03
+1407E 03 16000E=01 ¢1153E-01 14500E=02
+1503E 01 16400E=01 01314E-01 +1100E«02
¢ 1607E. 01 16200E=01 11575E-01 +1500E=02
.17055 01 16400E=01 12387E-01 ¢1600E=02
+1803E 01 16400E=01 1 2638E«01 11360E«Q2
+1904E 01 ¢6400E«0] v§5105-01 +4790€=02
+2005E 01 '6600E=01 13821E~01 +2580E=02
.21995 01 16800E=031 +4564E=-01 +3530E=02
12212E 01 16800E=01 055065'01. 12620E~02
022?95 01 16800E=01 +1003E 00 v 3650E=01
12414E 01 +7000Ee01 18395E=-01 +8490Ee(2
12505 01 v1260E 00 +1103E 00 19490E=02
¢ 2615E 01 +7200E=01 +1063E 00 +4690E«02
W2712E 01 v7200E-01 1414 00 +1250E-01
1 2813E 01 +7400E=01 1555 00 +9780E«02
029235 01 +7600E=01 v1835E 00 11580E=01
¢ S015E 01 1 7600E=01 11745 00 v 7700E=02
031;§E 01 . 17800E=01 1 2056E 00 +1600E=01
032155 01 +8000E=01 v2347E 00 v1100E=~D1
' S313E 01 '8000E=01 1 2337E 00 +1100Ee0]
13415€ 01 082005'01 v2457E 00 +1800E=01
.36195 01 +8400E=~01 13159E 00 +1400E-01
' $623E 01 12220E Q0 12899E 00 +1300E=01
'3711E 01 +8400E=01 +3220E 00 +1800E=01
' 38U7E 01 8600E=01 +3510E 00 +2500E«01
vS906E 01 +8800E=01 1 3611FE 00 11600E=01
1 3960E 01 v1100E 00 1 3250E€ 00 +1600E=01
»4008E 01 18800E=01 ¢ 3591E 00 +2100E=01
'4161F 01 11220 00 +3400EF 00 v1500E-01
v4117E 01 v9000E=~01 ' 3631E 00 v1600E=01
v4215E Q1 +9200E=01 v4012€ 00 +3000E=01
v4319E 01 19600E=01 14112 09 +1800E=01
14359 01 +1240€ 00 04022E.00 +1700E=01
4421E D1 +9600E=01 +4202E€ 00 +1800E=01
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TABLE IX (Cont'd)

En Resolution ap + Aonp
(MeV) (MeV) (barn) (barn)
4554 01 11240€ 00 «4072€ Q0 +1700E=01
.47$7E 0y «15%00E 0§ +4072E€ 00 +1800E=01
+4810E 01 +1180E 00 +4072E 00 v1800E=01
+49$8E 01 +1760E 0O +4724E Q0 +2000E=01
+2102€E 01 +1220€ 00 +4543E 00 +1900E-0Q1
+5138E 01 +1560E& 00 14644E 00 +2000E=01
+5193E 01 +1260E 00 +4734E 00 +2300E=01
+15197E 01 +1240E 00 +14543E 00 +2000E~01
15291 01 1260 00 +5035€ 00 +2500E=01
+9295E 01 11240 00 150056 00 . ,2300E=01
«5373E 01 +1620E 00 +5155€E 00 12500E=04
-54§?E 01 +1300E GO v5185E 00 +2500E-01
¢ 3681E 01 +1320E 00 +5958E Q0 «2900E=01
'3773E 04 .16205_00 »6269E 00 «S000E=01
12870E 01 +1660E 00 .58§Z§_§0h +3300E~01
+2398E 01 +3300E 00 14963E 00 12482E=01
15944E 01 13240 00 ~ ,5464E 0O 12732E=01
16468E 01 «3300E 00 +5483E 00 12742E=01
16980 01 +3400E 00 15610 00 +2805E=01
o7Q§ZE 01 1 3520E 00 15796 00 12956E=01
+7943E 01 +3680E 00 15920 00 «2960E=01
+8438E 01 +3840E 00 +5700E 00 +2850E-01
.89§QE 01 .- ,4020g 00 15498 00 +2804E=01
+9415E 04 +14220E 00 +5764E 00 v 3055E=01
19897 01 14420 00 +5731E 00 ¢ 3095E=01

B. Fine resolution cross sections for En = 2.85 - 4.02 MeV:

: +

En Resolution Unp * Aonp

(MeV) (MeV) (barn) (barn)
12894 01 +4200E-01 11344 Q0 16500E=Q2
+2878E 01 14200€=01 v1625E 00 +8000E=02
+2904E 01 14200E=01 1745 00 +8000E=02
12931E 01 v4200E=01 11996E 00 +1000E=01
129D6E 03 14200E=01 +12026E 00 +1000E=01
' 2983E 01 14200E-01 v2066E 00 +1000E=01
+J006E 01 +4200E=01 +11896E 00 +1000E=01
+3031E 01 +4200E=01 +1866E 00 +v9000E=02
+3082E 01.. ,4400E=01 11855 00 +9000E=02
+3107E 01  ,4400E=01 v1655E 00 +8000E=~Q2
¢« S13¢E 0% 14400E-01 +1835E 00 +»9000E=02
+3158E 01 14400E-01 «2106E 00 +1000E=01
«3183E 0% +4400E«01 +2086E 00 +1000E=01
13208 01 +4400E=01 1v2207E 00 +1100E=01
3235 01 14400E=01 +2758E 00 +1400E=01
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TABLE IX (Cont'd)

Resolution

* Ac

n np np
(MeV) (MeV) (barn) (barn)
+3261E 01 4400E=01 12387E 00 +1200E=01
' S2B6E 01 14400E-031 12327 00 +1200E=03
' S312E 01 14400E=0Q1 12217E 00 v1100E=01
' 3335E 01 v4400E=01 W 2156E 00 +1000FE=01
' 3361E 01 +4400E=01 v 2317E 00 11100FE=Q1
WS378E 01 14400E=01 ¢2287E 00 +1200E=01
»3411E 01 14400E=01 12427E 00 +1200F=01
13438E 01 +14400E=01 ¢ 2337E 00 +1100F=01
¢ 3404E 01 +4400FE=01 +12668E (0 11300E=-01
v 8488E 04 v4400E~01 12738E 00 +1300E=01
' 3514 01 1v4400E«01 1 2828E. 00 11400E=01
+3540E 01 14400E«0] v 2768E 00 v1400E~-01
1 3564E 01 +14400E=01 12969E 00 v1500E=01
«3595E 031 14400E=01 +2788E 00 +1400E=~-01
+3614E 01 14400E=01 12959E 00 +1400E=01
13641E 01 14600E=01 '3019E 00 +1500E=01
' 3666E 01 +4600E=01 12828E 00 +1400E=01
«36Y1E 01 v4600E=01 12989E 00 +1500E«01
v3717€ 01 v4600E=0Q1 12989E 00 "+1500E=01
v 3741E 01 14600E=01 +3129€E 00 +1500E=01
+3766E 01 14600E=01 +3109E 00 11500E=01
1 3793€ 01 14600E=01 ' 3199E 00 +1600E=01
+J817E 01 14600E=01 '3079E 00 +1500E=01
+3842E 031 +4800E=-01 +3551E 00 +1800E=01
' $867E 01 0v4800Ee01 +3751E 00 +1800E=01
+38Y4E 031 +v4800E=01 +3320E 00 +1600E=01
¢ S918E 01 +4800E=0Q1 1 3470E 00 v1700E=Q1
1 3943E 01 +4800E=01 v 3470E 00 +1700E«01
1 S969E 01 v4800E=01 +3811E 00 +1900E=01
1 3994E 01 14800E=01 +3500E€ 00 v1700E-01
+4019E 031 14800E=01 ' 3370€ 00 01600E~-01
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TABLE X

Measured Cross Sections for the

59

Co(n,p)nge Reaction

En Resolution onp t Ao
(MeV) (MeV) (barn) (barn)
«4334E 04  ,1580E 00 ,6205E-02 ,5150E«03
+45348 01  ,1580F 00 ,6947g«02 ,4793E=03
+4795E 01 ,1600E 00 ,8311E-02 ,5735E=03
«4935E 01  ,1600E 00 ,7760E=02 ,4889E«=03
5136E 01 ,1620E 00 ,1030E=01 ,5459E«03
+S5336E 01  ,1640E 00 ,1182E-01  ,803I8E=03
«9556E 01  ,1640E 00 ,1298E«01 ,7658E«03
v5737E 01,1660 00  ,1237E-01  ,1089E=02
v5887E 01  ,1680E 00 ,1489E=-01 ,8487E=03
159566 01 = ,3260E 00  ,1373E«01  ,7002E<03
«6485E 01  ,3360E 00 ,1542E«01 ,8635E«03
«6993E 01  ,3540E 00 ,1893E-01  ,1098E=02
+7517E 01  ,3700E 00 ,2145E-01 ,1158E=02
+8012E 01  ,3860F 00  ,2474E-01  ,1336E=02
«8975E 0% '42605 00 12757E=01 ' +1516E=02
+9461E 01  ,44B0E 00 ,3120E=01  ,1810E=02
+9944E 04  ,4700E 00 ,3484E=01 ,1984E=02
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TABLE XI

Measured Cross Sections for the

64Zn(n,p)640u Reaction

E Resolution g * Ac
n np np
(MeV) (MeV) (barn) (barn)
« 1159 01 11020 00  ,2243g-03 +1750E-04
v1363€ 01 «1040EF 0p 14886FE=03 +3127E«04
v1571E 01 +1020E 00 11212E-02  ,7999Fap4
*1774E 01 ,1020FE 0p 12452E-02  ,1398F=03
+1949E 031 11600E 00 +5485E-(2 +2852E=03
+2154E 031 v 1580E 00 v1007E-01 +5136E=03
1 2356E 01 ¢1580E 00 v1735E=01 +8849E-03
+2562E 01 v1560E 00 ' 2952E=01 ¢1506E-02
0 2762E D1 »1560E 00 14992F=-01 12496E=02
12963E 01 v1560E 0¢ v7360E=01 +3680E=02
' 3165E 3 »1560E QO 19145E=01 +4573E=02
1 3367E 01 11560E 090 +1055€ Qo +5275E-02
1 3568E 01 v1560EF 00 01101E 00 +5505E-02
v3770E 01 v 1560E 00 01211E 00 +16055E=02
' 3958E 01 '.15605 00 v1257E 00 +6285E=02
v4172E 01 «1580E 00 v1285E 00 +6425E«(2
4372E 01 +1580E 00 +1380E 00 +6900E=02
+4573E 01 +1600E 090 +1413E 00 v 7065E=02
' 4799E 04 11620E 00 ¢1408E 00 +7040E~02
v4974E 01 v1620E 00 v1561E 00 +7805E=02
+5174E 01 «1640E 00 +1587E 00 17935E=02
v3377E 01 v1660E 00 v1655E 00 «8275E=02
'5976E 01 ,1660F 00 +1680F 00 »8400E-02
«5384E 01 +3340E 0¢ +1437E 0p +7185E-02
15725E 01 v 3280E 00 v1595E 00 +8135E=02
10277€ 01 +3260E 0OU +1668E 00 +8507E=02
16978E 01 v 3340E QO +1631E QO +8155E-(2
+7485E 01 v3500E 00 +1744E 0p +8720E=02
v 7984E 01 +3640E 00 '1747E 00 +8910E=~02
+8478E 01 +3820F 00 +1859E 0¢ +9480E=02
18968E 031 +3980E 00 «1907E 00 ¢ 9726E=02
v9455E 01 ,4180E 0p v1904E 00  ,9900E=p2
»993YE 01 ¢ ,4360F Qo +1884E 00 +9985Fe02




TABLE XII

Evaluated Cross Sections for the
27A£(n,p)27ng Reaction

En cnp En onp En onp En Unp
(MeV) (barm) (MeV) (barn) (MeV) (barn) (MeV) (barn)
2.8 0.39x10-3 3.78 0.0088 4.7 0.0185 5.625 0.046
2.95 0.82}{10—3 3.8 0.0073 4.74 0.0185 5.675 0.055
3.0 0.971{10._3 3.84 0.0045 4.8 0.0135 5.71 0.068
3.05 0.00115 3.87 0.0044 4,83 0.0135 5.74 0.068
3.12 0.002 3.95 0.0069 4.9 0.019 5.8 0.0475
3.2 0.0021 4.0 0.0071 4,98 0.028 5.875  0.044
3.24 0.0026 4.05 0.0066 5.04 0.028 6.0 0.043
3.27 0.0026 4.11 0.0051 5.1 0.0263 6.25 0.044
3.3 0.00205 4,15 0.0051 5.15 0.029 6.5 0.046
3.34 0.00205 4.2 0.007 5.2 0.03 7.0 0.055
3.4 0.0038 4.25 0.009 5.25 0.028 7.5 0.064
3.46 0,0076 4.3 0.0115 5.28 0.026 8.0 0.072
3.5 0.0076 4,34 0.0115 5.33 0.026 8.5 0.078
3.54 0.0054 4,37 0.0108 5.37 0.0308 9.0 | 0.0815
3.57 0.0054 4.42 0.0108 5.42 0.0315 9.5 0.084
3.61 0.0069 4.45 0.012 5.45 0.0293 ¢} 10.0 0.086
3.65 0.069 4,57 0.0195 5.47 0.0295

3.68 0.0065 4.63 0.0197 5.5 0.035

3.72 0.0065 4 .65 0.0177 5.525 0.042

3.75 0.0088 4.68 Q.0175 5.575 0,044
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TABLE XIII

Evaluated Cross Sections for the

Ti(n,p)465c Reaction

46

Ey an v E np
(MeV) (barn) MeV) (barn)
3.6 0.0125 6.0 0.118
3.9 0.019 6.5 0.143
4.0 0.023 7.0 0.167
4.2 0.032 7.5 0.19

4.3 0.037 8.0 0.207
4.5 0.045 8.5 0.219
4.7 0.057 9.0 0.226
5.0 0.072 9.5 0.232
5.2 0.08 10.0 0.234
5.5 0.094
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TABLE XIV

Evaluated Cross Sections for the

47

Ti(u,p)478c Reaction

En cnp En onp En cnp
(MeV) (barn) (MeV) (barn) (MeV) (barn)
0.914 0.248x10™% 2.33 0.032 4.6 0.074
1.13  0.00122 2.47 0.032 5.0 0.077
1.23  0.0029 2.6 0.0305 5.5 0.087
1.3 0.0032 2.7 0.0305 6.0 0.095
1.5 0.0039 2.9 0.035 6.5 0.1
1.6 0.0049 3.1 0.042 7.0 0.105
1.8 0.0087 3.3 0.049 8.0 0.11%
2.0 0.0144 3.5 0.056 9.0 0.132
2.1 0.0175 3.8 0.062 10.0 0.141
2.2 0.021 4.0 0.066
2.3 0.03 4.3 0.071
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TABLE XV

Evaluated Cross Sections for the

48

Ti(n,p)488c Reaction

En np En an
(MeV) (barn) (MeV) (barn)
4.7 0.23x107% 5.9 0.148x1072
4.9  0.7x107% 6.0  0.18x10°2
5.0  0.87x107% 6.2  0.24x10"2
5.1 0.95x10™% 6.5 0.37x1072
5.15  0.107x10 | 7.0 0.65x102
5.2 0.175x10°3 7.5 0.01
5.24  0.25x103 8.0  0.0133
5.3 0.31x10"3 8.5  0.0164
5.5 0.48x1073 9.0 0.02
5.6 0.52x1073 9.5 0.0235
5.7 0.66x1073 10.0  0.028




TABLE XVI

Evaluated Cross Sections for the

54

Fe(n,p)SAMn Reaction

En cnp En onp
(MeV) (barn) (MeV) (barn)
2.0 0.014 3.9 0.263
2.2 0.025 4,1 0.28
2.4 0.046 4.5 0.334
2.6 0.075 5.0 0.4
2.7 0.095 5.3 0.432
2.8 0.114 5.6 0.455
3.0 0.132 6.1 0.468
3.2 0.156 6.5 0.47-
3.4 0.2 7.0 0.47
3.5 0.23 8.5 0.465
3.6 Q.242 10.Q 0.46
3.7 Q.25
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TABLE XVII

Evaluated Cross Sections for the

56

Fe(n,p)56Mn Reaction

En an En an
(MeV) (barn) (MeV) (barn)
4.0 0.62x107° 5.5 0.47x1072
4.2 0.225x10™ 5.75 0.0085
4.3 0.45x107% 6.0 0.0123
4.5 0.138x10™> | 6.5 0.02
4.7 0.365x1073 | 7.0 0.028
4.8  0.57x1073 7.5 0.035
4.9 0.75x1073 8.5 0.0475
5.0  0.95x1073 9.0 0.0536
5.2 0.18x1072 9.5 0.0586
5.4 0.335x1072 | 10.0 0.0625

-40~




TABLE XVIII

Evaluated Cross Sections for the

SaNi(n »P) 58Co Reaction

En onp En onp En onp
(MeV) (barn) (MeV) (barn) (MeV) (barn)
0.57 0.2x107 | 1.5 0.0134 3.75 0.327
0.62 0.7x10™> | 1.6 0.0166 4.0 0.354
0.68 0.2x10™% | 1.7 0.0225 4.25 0.386
0.7 0.36x10™% | 1.8 0.0285 4.5 0.41
0.74 0.9x10™* | 2.0 0.04 4.75 0.42
0.8 0.19x1073 | 2.2 0.054 5.0 0.44
0.86 0.3x1072 | 2.4 0.078 5.5 0.52
0.9 0.43x1073 | 2.5 0.094 5.75 0.548
1.0 0.9x1072 | 2.65 0.124 6.0 0.56
1.1 0.2x1072 | 2.85 0.162 7.0 0.57
1.16 0.35x1072 | 3.0 0.188 8.0 0.58
1.3 0.66x1072 | 13.25 0.23 9.0 0.57
1.4 0.0109 3.5 0.273 10.0 0.56
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TABLE XIX

Evaluated Cross Sections for the

59Co(n,p)nge Reaction

En cnp
(MeV) (barn)
4.3 0.0059
5.0 0.0094
5.5 0.0118
6.0 0.0143
6.5 0.0168
7.0 0.0193
7.5 0.0217
8.0 0.0242
8.5 0.0267
9.0 0.0291
9.5 : 0.0316
10.0 0.0341
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TABLE XX

Evaluated Cross Sections for the

64Zn(n,p)“Cu Reaction

En onp En np
(MeV) (barn) (MeV) (barn)
1.2 0.215x1073 | 3.75 0.12
1.4 0.58x1073 | 4.0 0.127
1.6 0.145x1072 4.5 0.138
1.8 0.31x1072 | 5.0 0.151
2.0 - 0.64x1072 5.25 0.159
2.3 0.015 5.5 0.162
2.5 0.026 6.0 0.164
2.7 0.043 7.0 0.168
2.8 0.054 7.5 0.172
2.9 0.065 8.0 0.179
3.0 0.075 8.5 0.185
3.25  0.097 9.0 0.188
3.5 0.11 10.0 0.191




Fig. 1.

Figs.2~-11,

Fig. 12.

FIGURE CAPTIONS

Schematic diagram of apparatus used for fast-neutron irrad-
iation of samples.

Measured cross sections for the 27Az(n,p)27Mg,
46,47,48Ti(n’p)46,47,48Sc’ 54’56Fe(n,p)54’56Mn, 58Ni(n,p)58Co,
59Co(n,p)nge and 64Zn(,n,p)GACu reactions. Selected data sets

from the literature are also plotted for comparison, when

available,

Evaluated cross sections for (n,p) reactions on 27A2,
46’47’48Ti, 54’56Fe, 58Ni, 59Co and 642n as well as for (n,f)
reactions on 235’238U. Evaluated (n,p) cross sections are

based entirely on the present work. Ewvaluated (n,f) cross

reactions are derived from the ENDF/B-III data file (Ref. 16).
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